Retinoic acid (RA) has been used therapeutically to reduce injury and fibrosis in models of AKI, but little is known about the regulation of this pathway and what role it has in regulating injury and repair after AKI. In these studies, we show that RA signaling is activated in mouse and zebrafish models of AKI, and that these responses limit the extent of injury and promote normal repair. These effects were mediated through a novel mechanism by which RA signaling coordinated the dynamic equilibrium of inflammatory M1 spectrum versus alternatively activated M2 spectrum macrophages. Our data suggest that locally synthesized RA represses proinflammatory macrophages, thereby reducing macrophage-dependent injury post-AKI, and activates RA signaling in injured tubular epithelium, which in turn promotes alternatively activated M2 spectrum macrophages. Because RA signaling has an essential role in kidney development but is repressed in the adult, these findings provide evidence of an embryonic signaling pathway that is reactivated after AKI and involved in reducing injury and enhancing repair.
additional signaling pathways are likely to converge to define macrophage phenotypes after AKI.
We show that RA signaling is activated in tubular epithelial cells and macrophages within hours of injury, and that RA reduces macrophage-dependent injury and fibrosis after AKI. Utilizing loss and gain of function as well as in vivo genetic approaches in zebrafish and mice, we demonstrate that RA regulates macrophage activation by suppressing inflammatory M1 spectrum macrophages, and indirect induction of alternatively activated M2 spectrum macrophages via RA signaling in tubular epithelial cells.
RESULTS

RA Signaling Increases in the Kidney of Zebrafish Larvae after AKI
We evaluated RA signaling after gentamicin-induced AKI in zebrafish larvae, [21] [22] [23] using the transgenic RA reporter, Tg(12XRARE:EGFP). 24, 25 A proportion of larvae retain gfp expression in the kidney through 4 days postfertilization (dpf) (2168%, n=9 experiments, 12-16 larvae/group). However, there were increased numbers of fish with strong gfp mRNA expression throughout the kidney 6 hours after injury ( Figure  1 , A and B, Supplemental Table 1 ). Trunk gfp mRNA was increased at 6 hours after injury ( Figure 1 , A and B insets). Timelapse imaging in Tg(12XRARE:EGFP); Tg(cdh17:mCherry) fish was used to visualize RA signaling in tubular epithelial cells, using loss of cdh17:mCherry expression as a marker of tubular cell dedifferentiation after injury. 26 Green fluorescent protein (GFP) fluorescence decreased over time in uninjured controls, and increased post-AKI ( Figure 1 , C and D, Supplemental Movies, 1 and 2). We observed red cells (mCherry) that turned yellow (overlay GFP) and eventually green (GFP and loss of mCherry) ( Figure 1 , C and D, Supplemental Movie 2). We also evaluated whether retinoic acid response element-GFP expression occurred in injured cells using Kim1, a marker of injured proximal tubular epithelial cells (PTECs). 27 Trunk Kim1 mRNA increased 1-2 days after gentamicin (days postinjection, dpi) (Supplemental Figure 1 , A and B, Supplemental Table 1 ). Kim1 was expressed in PTECs at 1 and 2 dpi (Supplemental Figure 1C ), and Kim1 co-localized with RARE-GFPexpressing tubular epithelial cells after injury ( Figure 1 , E and F). These data indicate that RA signaling is rapidly activated in tubular epithelial cells that subsequently dedifferentiate and express the tubular injury marker Kim1 after gentamicin injection.
Inhibition of RA Signaling in Zebrafish Larvae
Exacerbates Renal Tubular Injury after AKI To examine the role of RA signaling post-AKI, larvae were treated with the retinoic acid receptor (RAR) antagonist, Ro41-5253. 25, 28, 29 One micromole of Ro41-5253 blocked all domains of gfp expression in Tg(12XRARE:GFP) larvae without negative effects on health (Supplemental Figure 2 ). Larvae treated with Ro41-5253 immediately after gentamicin injection had decreased survival (Figure 2A ), indicating impaired functional recovery. 22, 23 Ro41-5253-treated larvae also had decreased proliferating cell nuclear antigen (PCNA) plus PTECs at 2 dpi ( Figure 2 , B and C). These data indicate that RA signaling is critical for recovery and promotes PTEC proliferation in larval zebrafish post-AKI.
RA Signaling is Rapidly and Transiently Activated in the Mouse Kidney after AKI We evaluated RA signaling using RARE-hsp68-lacZ reporter mice. 30 b-Galactosidase (b-Gal) was restricted to occasional cells in the papilla in uninjured adult kidneys ( Figure 3 , A and B), 1, 31 but was widely expressed in RARE-hsp68-lacZ mice, but not wild-type mice, 24 hours post-AKI (Supplemental Figure  3) . b-Gal was maximal 12-24 hours after injury, persisted at 72 hours, and returned to baseline by day 7 (Figure 3 , B-G). b-Gal was expressed throughout the medulla with patchy cortical expression. RARE-hsp68-LacZ was activated in collecting duct epithelium (dolichos biflorus lectin) in uninjured and injured kidneys 72 hours post-AKI (Supplemental 
Peritubular Macrophages Express RA-Synthesizing Enzymes after IR-AKI
We examined the expression of RA-synthesizing enzymes, the retinaldehyde dehydrogenases, Raldh1-4. 32, 33 Raldh3 mRNA paralleled the kinetics of the RARE-hsp68-LacZ activity, and the RAR target gene, Cyp26B1, 34 after AKI (Supplemental Figure 5 , A and B). Raldh3 was restricted to the papilla in uninjured mice (Supplemental Figure 6 , A and B), but was expressed by peritubular cells in the outer medulla (OM) 6-24 hours post-AKI ( Figure 4 , A-F). Raldh3 was also expressed in the inner medulla with patchy expression in the cortex (Supplemental Figure 6 , C and D). Raldh3+ cells were F4/80-negative, but 98.2%60.63% (mean6SEM, n=4) expressed the neutrophil/macrophage marker Lys6G 12 hours after injury ( Figure 4 , G and H). Raldh3+ cells did not express the neutrophil marker myeloperoxidase ( Figure 4I ). 35 To establish whether Raldh3+ cells activate RA signaling, we evaluated Raldh3 and b-Gal in RARE-hsp68-LacZ reporter mice. Raldh3+ cells surrounded b-Gal+ tubular cells 12 hours post-AKI ( Figure 4J ). A number of b-Gal+ cells also co-labeled with Raldh3 ( Figure 4J ), suggesting paracrine Raldh3-dependent RA signaling in tubular epithelium, and autocrine RA signaling in macrophages. Because Raldh3 is an aldehyde dehydrogenase (ALDH), 33 we used ALDEFLUOR to identify cells with ALDH activity in the kidney by FACS. 36 There were increased ALDEFLUOR high CD45/CD11b+ and CD45/Ly6C+ cells 18 hours after injury ( Figure 4 , K-P). Of ALDEFUOR high cells, 95.9%62.0% were CD11b+, and 86.7%63.7% Ly6C+. To characterize CD45/Ly6C+ ALDEFLOR high cells, we first evaluated F4/80 and CD11b in CD45+ cells after injury. As previously reported, 37 the majority of F4/80+ cells are F4/80 high/CD11b low in uninjured kidneys ( Figure 4Q ). Increased numbers of CD11b high cells express low or no F4/80 after injury ( Figure 4R ). These markers are typical of inflammatory macrophages recruited to the kidney at early time points after injury. 37, 38 Using the same CD11b and F4/80 gates, 86.8%60.6% ALDEFLUOR high, CD45/Ly6C+ cells are F4/80 low or negative in the injured kidney ( Figure 4S ). These data are consistent with Raldh3 localization studies, suggesting the majority of Raldh3/ALDH high cells are infiltrating macrophages early after injury.
We also evaluated the expression of Raldh1, -2 and -4 mRNAs. Raldh4 decreased, and Raldh1 mRNA increased 24 hours after injury, but levels were unchanged thereafter. Raldh2 mRNA progressively increased 1-7 days after injury (Supplemental Figure 5 , C-E). Raldh2 protein was widely distributed in peritubular cells throughout the kidney at 72 hours, but was undetectable 7 days after injury ( Figure 5 , A-D, Supplemental Figure 7 ). Of Raldh2 cells, 87.561.5% express F4/80 ( Figure 5E ), and CD11b+ renal macrophages and dendritic cells express high levels of Raldh2 3 days post-AKI ( Figure 5F ). These data suggest that Raldh3+ macrophages recruited to injured tubules synthesize RA for the first 24 hours after AKI, and that Raldh2+ macrophages might also drive RA synthesis at later time points.
Inhibition of RA Signaling Early after IR-AKI Exacerbates Postinjury Renal Fibrosis
To evaluate the role of RA post-AKI, we used the pan-RAR inverse agonist, BMS493. 39, 40 BMS493 was initiated at the time of injury and continued for 72 hours ( Figure 6A ). Mice were treated with 20 mg/kg per day BMS493, the minimum dose inhibiting AKI-induced RARE-hsp68-LacZ activity (Supplemental Figure 8 , A and B) and upregulation of RAR target genes, Cyp26B1, RARb and Rbp1 (Supplemental Figure 8 , C-E). 34, 41 BMS493 had no effect on serum creatinine ( Figure  6B ), but increased interstitial fibrosis (Sirius red (SR) staining), expression of fibrosis markers, and chronic tubular injury scores 28 days post-AKI ( Figure 6 , C-E). BMS493 increased renal Kim1 mRNA, and Kim1 protein in the cortex and OM 3 days after injury ( Figure 6 , F-H), but had no effect on tubular apoptosis or injury by histologic scoring at this time point ( Figure 6 , I and J). To determine whether BMS493 has an early effect on injury, we evaluated mice undergoing unilateral IR-AKI and simultaneous contralateral nephrectomy. There was a minor increase in cortical tubular injury in BMS493-treated mice 24 hours after injury, but no differences in serum creatinine (Supplemental Figure 9) . Paradoxically, this minor increase in tubular injury was associated with approximately 30% reduction in renal macrophages in BMS493-treated mice 3 days post-AKI ( Figure 6K ). This was not mediated by changes in the expression of macrophage growth factors or chemokines because CSF1 mRNA was increased, and the expression of chemokines implicated in macrophage recruitment after IR-AKI 37, 42 were unchanged (CCL2 and CCL3) or increased (CX 3 CL1and CCL5) after BMS493 treatment (Supplemental Figure 10) . There was no change in tubular proliferation in BMS493-treated mice ( Figure 6 , L-N), but there was an increase in the proportion of Ki67 and phospho-histone H3 double-positive tubular cells in M-phase post-AKI ( Figure  6O ). This may be a consequence of the increased severity of renal injury in BMS493-treated mice. 43 Increased Injury after Inhibiting RA Signaling is Dependent on Renal Macrophages Post-AKI To determine whether BMS493 effects are dependent on macrophages, we used liposomal clodronate (LC) to deplete macrophages before renal injury. 44 LC reduced F4/80+ renal macrophages/dendritic cells by approximately 70% (Figure 7A ), and reduced renal Kim1 mRNA and tubular injury scores by approximately 25% 3 days post-AKI ( Figure 7 , B and C). This indicates that macrophages mediate a subset of renal tubular injury responses after IR-AKI. BMS493 increased Kim1 mRNA, and Kim1 protein was increased in the cortex 3 days post-AKI, effects that were lost after treatment with LC ( Figure 7 , B-F). Thus, renal macrophages are required to mediate BMS493-dependent effects on renal injury. To determine how BMS493 regulates macrophage-dependent injury, we examined renal macrophage markers. There was increased expression of M1 spectrum markers, iNOS, IL1b and TNFa, and decreased M2 markers Arg1 and Mgl1, in renal macrophages from BMS493-treated mice ( Figure 7 , G and H). FACS analysis demonstrated an increased proportion of Ly6C and MHC Class II antigen high renal macrophages (both markers of M1 macrophages 19, 45 ) in BMS493-treated mice 3 days after IR-AKI ( Figure 7 , I and J). Conversely there was reduced expression of intracellular Arg1 protein in renal macrophages from BMS493-treated mice ( Figure 7K ). Because M1 macrophages increase injury and M2 spectrum macrophages promote repair, 15 these data suggest RA signaling regulates post-AKI injury and repair by regulating the activation of renal macrophages.
All-Trans-Retinoic Acid Ameliorates Injury and Reduces Inflammatory M1 Macrophage Marker Expression after IR-AKI
To activate RA signaling, we treated mice with all-trans-retinoic acid (ATRA). 46 At low doses, ATRA reduces postinjury fibrosis, but at high doses may exacerbate fibrosis. 47 In uninjured mice, 10 mg/kg ATRA upregulated RAR target genes in the kidney, but 1 mg/kg ATRA did not increase the expression of the RAR target genes Rarb, Cy26B1, or Stra6 mRNAs 34, 41 (Supplemental Figure  11A ). However, 1 mg/kg ATRA increased injury-induced expression of Rarb and Stra6 mRNAs 3 days after IR-AKI Figure 2 . Blocking RA pathway activation exacerbates AKI in zebrafish larvae. Zebrafish larvae were injected with 8 ng gentamicin at 3 dpf to induce renal injury, followed by treatment with vehicle (1% DMSO) or 1 mM Ro41-5253 for 24 hours. (A) Uninjured or gent-AKI larvae were treated with Ro41-5253 and their survival assessed daily through 5 dpi (n=4 experiments, $25 larvae/group). Two-way ANOVA, ***P,0.001. Bonferroni's correction for multiple comparisons between vehicle and Ro41-5253-treated larvae at the same time points: *P,0.05. (B and C) Immunofluorescence for PCNA (red) and GFP (green) in the proximal tubule of Tg(PT:EGFP) fish at 2 dpi. PCNA-positive cells were quantified in the proximal tubule by examining serial sections (n=5 larvae/group). Data expressed as mean+SEM. Two-tailed t test, *P,0.05. Tubules are outlined in white. Scale bars, 20 mm.
(Supplemental Figure 11B ). ATRA 1 mg/kg had no effect on RARE-LacZ reporter activation in uninjured kidneys or 24 hours after IR-AKI (Supplemental Figure 12 ). This indicates that lowdose ATRA does not activate RA signaling in the absence of injury, and does not increase the numbers of cells with activated RA signaling after injury. At 1 mg/kg per day, ATRA reduced serum creatinine ( Figure 8A ). By day 28, there was reduced interstitial fibrosis, expression of fibrosis markers and Kim1 mRNA in the kidneys of ATRA-treated mice ( Figure 8 , B-D). Kim1 and tubular injury scores were reduced 3 days post-AKI ( Figure 8 , E and F). ATRA had no effect on apoptosis or renal macrophage numbers ( Figure 8 , G and H). There were no changes in tubular proliferation ( Figure 8 , I-K), but M-phase arrest was reduced with ATRA ( Figure 8L ). ATRA reduced the expression of IL1b and TNFa mRNAs ( Figure 8M ), but had minimal effect on renal M2 spectrum marker expression 3 days post-AKI ( Figure 8N ). This suggests that while ATRA represses M1 spectrum macrophages, M2 macrophages are not activated after treatment with ATRA.
Inhibition of RA Signaling in PTECs Inhibits Expression of M2 Spectrum Renal Macrophage Markers after AKI
To determine whether RA signaling in PTECs mediates RAdependent modification of M2 spectrum macrophages, we crossed Rosa26-LSL-RaraT4033(R26R-DNRAR) mice, which express a Cre-activated, dominant negative RAR, 1, 48 with PEPCK-Cre mice, 49 to generate PTEC-DNRAR mice. PEPCK-Cre induces efficient recombination in cortical and medullary PTECs (Supplemental Figure 13 ). 49 We used mice homozygous for R26R-DNRAR for efficient RAR inhibition, as described. 1 PTEC-DNRAR mice have normal kidneys (Supplemental Figure 14 ), but increased renal Kim1 mRNA as well as Kim1 staining in the cortex compared with Cre-controls 3 days post-AKI (Supplemental Figure 15 , A-C). There was no change in proliferation, but there were increased tubular cells arrested in M phase in PTEC-DNRAR mice post-AKI (Supplemental Figure  15D) . Unlike BMS493-treated mice, there was reduced expression of M1 spectrum marker mRNAs for IL1b and TNFa but no change iNOS mRNA expression in Rho«nal max Rhoοphag«s from R26R-DNRAR mice post-AKI ( Figure  9A ). As iNOS is repressed in renal macrophages 3 days after injury ( Figure 7G, 9A) , it may not be a good marker of inflammatory macrophages in this model. There was increased expression of Raldh2 and -3 and the RAR target genes Rarb and Rbp1 in PTEC-DNRAR kidneys post-AKI ( Figure 9 , D and E), and Raldh3, Rarb, Rbp1, and the developmentally regulated RA target Ret mRNAs 41 were also increased in renal macrophages from PTEC-DNRAR mice 3 days post-AKI ( Figure 9F ). This suggests there may be a compensatory increase in RA synthesis in PTEC-DNRAR kidneys associated with increased RA signaling in renal macrophages. Because RA treatment suppresses inflammatory macrophages, this compensatory increase in RA synthesis may account for the suppression of inflammatory macrophages in PTEC-DNRAR mice post-AKI. However, in addition to effects on inflammatory macrophages, there was also a marked reduction in the expression of M2 spectrum markers Arg1, MR, and Mgl1 mRNAs 3 days post-AKI ( Figure  9B ). This was not associated with reduced macrophage numbers ( Figure 9C ). These data indicate that activation of RA signaling in PTECs promotes alternative activation of macrophages after AKI.
DISCUSSION
RA signaling is activated and regulates macrophage-dependent injury and repair in the kidney after AKI. In zebrafish larvae, RA signaling is activated in PTECs within hours of injury. This response may limit injury and promotes proliferative repair of PTECs. Loss and gain of function studies indicate that reactivation of RA signaling does not promote proliferative repair of damaged tubular epithelium in the mouse kidney, but reduces the severity of tubular injury and postinjury fibrosis after AKI. These findings indicate that reactivation of RA signaling is a conserved response to renal injury that limits injury and improves repair in both organisms. However, the lack of a growth inhibitory response to blocking RA signaling in mice suggests that mouse kidneys may have a reduced regenerative response to RA compared with zebrafish larvae. Inhibition of RA signaling with BMS493 increases late, postinjury fibrosis, but has only limited effects on tubular injury and no effect on renal function after IR-AKI. This contrasts with ATRA, which not only reduces postinjury fibrosis, but also accelerates recovery and inhibits tubular injury after IR-AKI. This suggests either that exogenous RA is acting through a distinct mechanism to the intrinsically activated RA signaling pathway in the post-AKI kidney, or that the pharmacological doses of ATRA that we used have more profound effects in suppressing tubular injury than activation of the intrinsic RA signaling pathway.
Macrophage depletion studies show that renal macrophages are required to mediate RA-dependent effects on renal injury. LC efficiently depletes inflammatory macrophages while alternatively activated macrophages tend to be preserved. 50 On this basis, our data support the hypothesis that BMS493 increases inflammatory macrophage-dependent injury after IR-AKI. Our studies suggest a model in which RA synthesis represses inflammatory macrophages, while activation of RA signaling in PTECs increases alternatively activated macrophages post-AKI ( Figure 10A ). The kinetics of RA signaling is consistent with the transition of macrophage phenotypes after IR-AKI. 16, 51 Our model is also consistent with data indicating that ATRA represses inflammatory cytokine production by cultured macrophages, [52] [53] [54] [55] and PTECs secrete factors that induce expression of alternatively activated markers in cultured macrophages. [15] [16] [17] Our data indicate that RA signaling provides another layer of temporally and spatially controlled signaling that regulates dynamic changes macrophage phenotypes after AKI.
Inhibition of RA signaling in PTECs inhibits expression of M2 spectrum macrophage markers post-AKI, indicating that there is an RA-and PTEC-dependent mechanism regulating activation of macrophages. However, there was also reduced expression of inflammatory macrophage markers in PTEC-DNRAR mice. This may result from a compensatory increase in RA synthesis that in turn suppresses M1 spectrum macrophages in PTEC-DNRAR mice. Depletion of RARa variants in zebrafish embryos also initiates a compensatory increase in RA synthesis, 56 suggesting that inhibiting RAR signaling activates a similar positive feedback mechanism. On this basis, we propose that inhibition of PTEC RA signaling decreases M2 spectrum macrophage markers, but at the same time a compensatory increase in local RA synthesis acts through a different mechanism to repress inflammatory renal macrophages after IR-AKI. Because in vitro studies indicate that RA has direct suppressive effects on inflammatory macrophages, [52] [53] [54] [55] it is likely this is a direct effect of RA on renal macrophages ( Figure 10B ).
The origin of RA synthesis in the kidney post-AKI remains uncertain. Infiltrating macrophages express Raldh3 and have high levels of ALDH activity at early time points after injury. These cells closely associate with cells with RA-signaling activity. However, Raldh2 is also expressed by macrophages, so it is possible that RA synthesis by infiltrating macrophages is replaced by mature macrophages expressing Raldh2 at later time points. Alternatively, persistent RARE-LacZ activity at later time points may be an artifact resulting from stabilized expression of b-Gal protein induced by the early activation of the RARE, so it is possible that RA signaling is only activated early, and that Raldh2 does not play a role in activating RAsignaling after AKI. Furthermore, Raldh1 mRNA increases in the kidney post-AKI, so other Raldh family members may contribute to RA synthesis. Definitive evidence as to which cells and Raldhs are synthesizing RA will require the analysis of cell-specific Raldh1-3 loss of function on RARE activity.
In summary, our results show that RA signaling is activated in mouse and zebrafish kidneys after AKI, and this response limits the extent of injury in both models. These effects are mediated through a previously unrecognized mechanism by which RA coordinates the equilibrium of macrophage activation after AKI. According to this model, the repression of inflammatory macrophages by locally synthesized RA reduces qRT-PCR for Raldh2 mRNA relative to Gapdh control mRNA was performed on RNA extracted from renal macrophages isolated using magnetic beads coated with anti-CD11b antibodies: uninjured mice (n=3), and mice 3 days after injury (n=8). Results expressed as mean6SEM fold change relative to uninjured controls. Two-tailed t test, **P,0.01 versus uninjured controls.
macrophage-dependent injury, while locally synthesized RA activates RA signaling in PTECs, which in turn promotes alternative activation of macrophages, enhancing post-AKI repair.
CONCISE METHODS
Zebrafish Studies Zebrafish Husbandry
In addition to Pitt AB wild-type, embryos were used from the following published transgenic lines: Tg(12XRARE-ef1a: EGFP) s72 , 28 and Tg(PT:EGFP). 22 In addition, the Tg(cdh17:mCherry) line was used, which was generated in conjunction with and displays pronephric mCherry expression analogous to Tg(cdh17:EGFP). 26 
Gentamicin-Induced AKI
Zebrafish larvae were injected with a single dose of gentamicin at 2.5-3 dpf, as previously described. 22, 23 Briefly, larvae were anesthetized in tricaine/E3 medium and injected with 1 nl (8 ng) gentamicin diluted in saline, delivered into the common cardinal vein. After injection, larvae were incubated in 50 mg/ml penicillin/streptomycin diluted in E3 medium. For RA inhibition studies, zebrafish larvae were treated with 1 mM Ro41-5253 (Enzo Life Sciences) in 1% DMSO diluted in E3 for 24 hours from 3 to 4 dpf, and then the compound was washed out with several changes of E3. For survival assays, individual larvae were placed in wells of a 48-well plate after gentamicin microinjection and covered with E3 medium6Ro41-5253. Larvae viability was scored once per day on days 1-5 postinjection. All studies were approved by the University of Pittsburgh Institutional Animal Care and Use Committee.
Histologic Analyses
For in situ hybridization studies, zebrafish larvae were fixed in 4% paraformaldehyde for 24 hours and processed for whole-mount in situ hybridization as described previously, using an antisense RNA probe for egfp. 57 After staining, larvae were examined and scored based on renal expression. Images are shown from one representative experiment. Immunofluorescence was performed on cryosections of zebrafish larvae as described previously. 22 Briefly, larvae were fixed in 4% paraformaldehyde and treated with a sucrose gradient before embedding in tissue-freezing medium. Transverse sections were generated at a thickness of 14 mm. Slides were blocked with 10% goat serum in PBS-Tween, followed by primary and secondary antibody incubations. Primary and secondary antibodies, dilutions, biotin amplification, and respective antigen retrieval methods are summarized in Supplemental Tables 2 and 3 . To quantify PTEC proliferation, we counted PCNA-positive cells per proximal tubule (marked by PT:GFP).
RNA Isolation and Quantitative RT-PCR
Samples for RNA isolation were generated by cutting zebrafish larvae at the hindbrain to isolate trunk tissue. Larvae (10-15) were pooled and homogenized per sample. RNA was isolated using the RNeasy Micro kit (Qiagen, Boston, MA), and cDNA was generated using the SuperScript First Strand kit (Life Technologies, Grand Island, NY). qRT-PCR was performed as described previously. 57 Exon-spanning primers were designed using Beacon Designer version 8.13 to detect kim1 and gfp mRNAs. Expression was normalized to b-actin and sdha mRNAs, as described. 57 Primer sequences are listed in Supplemental Table 5 . qRT-PCR was repeated using cDNA samples from three to 
Live Confocal Zebrafish Imaging
Immediately after gentamicin injection, zebrafish larvae were anesthetized in 160 mg/ml tricaine (Sigma-Aldrich, St. Louis, MO) and embedded in a thin layer of 0.5% low-melt Sea Plaque agarose (Cambrex, East Rutherford, NJ), and covered with 0.003% 1-phenyl-2-thiourea in E3 medium to prevent pigment development. Image stacks were acquired using a Leica TCS SP5 multiphoton microscope (Leica Microsystems, Wetzlar, Germany) with an HCX IRAPO L 253/0.95 water immersion objective, non-descanned detectors and a custom-built motorized stage (Scientifica, East Sussex, UK). Sequential stack scanning was performed bidirectionally with a resonant scanner (16,000 Hz, phase set to 1.69) with 323 line averaging and a zoom of 1.73GFP and mCherry were excited with a Mai Tai DeepSee Ti:Sapphire laser (Newport/Spectra Physics, Santa Clara, CA) at 900 and 800 nm, respectively. Using the "Mark and Find" function, (x, y) coordinates and z-series parameters (step size 1.48 mm) were defined for individual embryos. Images were captured every 90 minutes for 21 hours.
Maximal projections were compiled in series to generate time-lapse movies using LAS AF Version: 3.0.0 build 8134 and Metamorph software.
Analysis of GFP Fluorescence Intensity
Enhanced green fluorescence protein (EGFP) fluorescence intensity activated by RA signaling in Tg(12XRARE:EGFP); Tg(cdh17:mCherry) larvae during live imaging experiments was quantified using the Intensity function in LAS AF Version 3.0.0 build 8134. First, a region of interest in the proximal tubule was created using mCherry expression as a guide (33506160 mm 2 , mean6SEM). The average EGFP intensity was then calculated in this region across an entire image stack in each nephron per larvae (n=10 uninjured and 6 gent-AKI nephrons).
Mouse Studies Mouse Strains and Genotyping
Wild-type BALB/c mice were purchased from Charles River Laboratories; RARE-hsp68-lacZ mice (CD-1) 30 and Rosa26-Stop-eYFP (R26R-eYFP, C57Bl/6) 58 mice were purchased from The Jackson Laboratories. PEPCK-Cre mice (129svj/C57Bl/6) were kindly provided by Volker Haase, 49 and Rosa26-LSL-RaraT4033 (R26R-DN RAR, 129svj/C57Bl/6) by Cathy Mendelsohn. 1 Genotyping was performed by PCR on the ear-punch biopsies using both published and unpublished allele-specific primers (Supplemental Table 4 ). 
IR-AKI
Histologic Analyses
Kidneys were harvested, 2-3 mm blocks cut transversely through the cortex and medulla, and fixed in 0.2% glutaraldehyde and frozen in optimal cutting temperature (OCT) for X-Gal staining, or in 10% formalin and either frozen in OCT for X-Gal and antibody co-labeling, or mounted in paraffin for all other studies, as described. 22, 60 Renal tubular injury scores and fibrosis/collagen deposition were determined from periodic acid-Schiff-and SR-stained sections, respectively, by blinded observers. Acute and chronic tubular injury scores were evaluated directly (P.P. evaluated ATRA treatment studies, and H.Y. evaluated all other studies). To quantify SR staining, we used an Olympus BX-41 microscope equipped with a polarized light filter, using ImageJ to quantify birefringent SR-stained collagen fibrils surface areas/total surface areas from digitally captured polarized light images, as described. 22 ,61 b-Gal staining was performed on 0.2% glutaraldehyde (for hematoxylin and eosin counterstain), or formalin (for antibody co-labeling) fixed frozen sections, as described. 60, 62 For co-labeling studies, after incubation with X-Gal substrate, sections were fixed in methanol, before antigen retrieval, blocking steps and incubation with primary and secondary antibodies, and/or biotinylated lectins, as outlined below. Immunohistochemical studies were performed on formalin-fixed frozen or paraffin-embedded tissue sections as described previously. 60, 62 Blocking and antibody incubation steps were performed using the universal blocking reagent (Biogenex, Tremont, CA), and autofluorescence reduced by incubating sections in 100 mM glycine after the antigen retrieval step. Lectins, primary and secondary antibodies, dilutions, biotin amplification, and respective antigen retrieval methods are summarized in Supplemental Tables 3 and 4 . Color overlays were generated using Adobe Photoshop. For b-Gal/ immunofluorescence staining overlays, the blue X-Gal color change We saw no differences between uninjured Cre-and Cre+ controls, so both control groups were combined for these studies (n=2+3). (C) Renal macrophage numbers, surface area of F4/80-stained macrophages day 3 after injury. Cre-uninjured controls (n=3). (D, E) PTEC-DN-RAR mice have increased expression of RA-synthesizing enzymes and RA-responsive genes after IR-AKI. qRT-PCR for (D) the RA-synthesizing enzymes Raldh2 and Raldh3, and (E) RA target genes Rarb and Rbp1 performed on kidneys 3 dpi. Cre-uninjured controls (n=5). One-way ANOVA with Tukey's correction for multiple between-group comparisons. Results only indicated if one-way ANOVA P,0.05: *P,0.05; **P,0.01; # P,0.001. Comparison with uninjured controls (no brackets), or between Cre+ uninjured, Creand Cre+ injured mice (indicated by brackets). (F) Expression of RA-synthesizing enzymes and RA-responsive genes in renal macrophages from PTEC-DN-RAR mice after IR-AKI (n=6/group). t Test: *P,0.05; **P,0.01. All results expressed as mean6SEM, (A, B, D, and E) fold change versus uninjured controls, (F) fold change relative to Cre-injured mouse kidneys. acquired using the light microscope was pseudocolored in white and overlaid onto simultaneously digitally acquired fluorescence images using ImageJ. For quantification, five to six 4003 high power field (HPF) images were captured in the outer cortex (cortex) or OM, and quantified by a blinded observer (T.C., or N.S.). Tubular structures were identified from green channel autofluorescence signal. Results were expressed as cells/HPF, or as the ratio of stained cells, as indicated in the figure legends. ImageJ was used to define and quantify the average percent F4/80-positive surface areas based on data from five to six digitally captured HPF images.
RNA was isolated from snap-frozen whole kidneys and cDNA synthesis performed, as described previously. 22 For renal macrophages, after perfusing the kidney with PBS to remove blood, kidneys were macerated and dispersed into a single-cell suspension after digestions with 2 mg/ml collagenase D and 100 mg/ml DNAse 1 at 37°C for 1 hour, as described. 16 Macrophages were then isolated in bulk using anti-CD11b antibody-conjugated magnetic microbeads (CD11b-MACS; Miltenyi Biotec, San Diego, CA), and RNA extracted with RNA-Bee reagent (TEL-TEST, Inc., Friendswood, TX). RNA quantification and integrity was determined using a NanoDrop 2000c instrument (Thermo Fisher Scientific, Waltham, MA). cDNA was amplified and labeled using SYBR Green Supermix PCR (BioRad, Hercules, CA). Gene expression is expressed as relative gene expression calculated using the 2^-ddCT method, as described. 64 Gapdh mRNA was used as a loading control, because we see no changes in Gapdh mRNA expression in the kidney after injury in the IR-AKI model. 22 Primer sequences along with their PrimerBank identification numbers, [64] [65] [66] or previous literature citations, are listed in Supplemental Table 5 .
Flow Cytometry
After perfusion of the kidneys with normal saline, the injured kidney was removed, minced into 1-2-mm fragments using fine surgical scissors, and digested in PBS containing 480 units/ml collagenase type I (Life Technologies) and 30 units/ml Dispase (BD Biosciences) for 35 min at 37°C, with intermittent agitation. After adding FBS at a 20% final concentration to neutralize collagenase and Dispase, kidney fragments were filtered through a 40-mm mesh (BD Biosciences, San Jose, CA). Cells were centrifuged (8003g, 4 minutes, 8°C) and washed once in FACS Buffer (1% FBS, 1 mM EDTA in PBS) and resuspended in FACS buffer. Cell counts were performed and 10 6 cells used for each assay. Cells were incubated for 25 minutes on ice with antibodies, then washed once and resuspended in FACS buffer. Fluorescent conjugated antibodies and the dilutions used in the FACS analyses are listed in Supplemental Table 6 . Only viable cells were analyzed by gating only 7-AAD-negative cells. To analyze Raldh enzymatic activity by FACS, we used the ALDEFLUOR Assay kit (STEMCELL Technologies, Vancouver, BC, Canada) and followed the manufacturer's protocol. To analyze Arginase-1 expression by FACS, after dispersing the kidney the cell pellet was treated with RBC Lysis/Fixation Solution (Biolegend, San Diego, CA), an alcoholbased cell permeabilization and fixation solution, according to the manufacturer's protocol. After staining, cells were analyzed using a FACS Canto II cytometer (Becton Dickinson, Franklin Lakes, NJ), and offline list mode data analysis using Winlist from Verity Software House.
Statistical Analyses
Statistical analyses performed included by Student's two-tailed t test for paired group comparisons, one-way ANOVA for multiple between-group comparisons using Tukey correction for post-hoc, pair-wise between group comparisons, and two-way ANOVA for comparisons between treatment groups over time, using Sidak's or Bonferroni's correction for multiple between-group comparisons at the same time. The minimal level of significance was set at P#0.05 and statistical analyses performed using GraphPad Prism.
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